case an unequivocal chromosomal localization has been obtained with reference to a panel of hybrid cell clones each of which carries a deletion of a portion of the short arm of chromosome 11. At least one DNA segment has been identified which maps to each of the four regions on the short arm defined by the panel of hybrid cell clones used. The approaches described here appear to be general. They can be extended to produce a fine structure map of human chromosome 11 and other human chromosomes. This approach promises implications for human genetics generally, for the human genetic diseases, and possibly for understanding of gene regulation in normal and abnormal differentiation.
There are two principal reasons for attempting to achieve as complete as possible fine-structure analysis of the human genome. First, delineation of the DNA sequence of individual genes and construction of the corresponding probes now can be used to detect the presence of human genetic disease. These procedures can be applied in utero (1, 2) so that birth of tragically defective babies can be prevented. Second, and perhaps of even greater ultimate importance to biomedical science, definition of DNA sequences over large chromosomal regions, including sequences specifying protein structures as well as the noncoding intervals within and between these sequences, appears to promise greater understanding of physiological and biochemical mechanisms of human gene regulation. The genetic data so obtained should illuminate many aspects of medicine and developmental biology including situations not usually considered to lie within the narrow scope of the term "genetic disease."
The application of recombinant DNA techniques has already had a significant impact on human genetics. The isolation of cloned human globin genes (3, 4) has been instrumental in the analysis of the fine structure of these genes (5-7) and in determining the physical basis of the genetic lesions responsible for the a and (3 thalassemia syndromes (8) (9) (10) . Cloned globin probes also have been used to exploit polymorphism in restriction enzyme recognition sites as a basis of antenatal diagnosis of sickle cell anemia (1, 2) . However, a general method for producing DNA probes for specific chromosomal regions has not been available. At present more than 300 genetic markers have been assigned to specific chromosomal locations (11, 12) , but these are not enough to permit linkage studies in many cases in which such information would be important to the intrauterine diagnosis of genetic disease. In addition these markers are so widely distributed over the genome that achievement of fine-structure mapping of a specific genetic region has not appeared feasible.
In this paper, we describe an approach that uses recombinant DNA methods in combination with somatic cell genetics (i) to isolate cloned DNA segments from defined regions of human chromosome 11, which has been selected as a model system, and (ii) to map these on the chromosome. The approach is general and appears to be applicable to the isolation of cloned DNA segments of other human chromosomes. The construction of a fine-structure map of a human chromosomal region at the DNA level appears to be possible by this technology. The ability to achieve this goal should have a significant impact on human genetics at various levels.
MATERIALS AND METHODS Preparation of DNAs. DNA was prepared from the HeLa and Chinese hamster ovary (CHO-Ki) cell lines, and from the previously described human-CHO-Ki hybrids JI, J1-7, JI-10, JI-11, and J1-23 (13) . Digestions were performed as described (13, 14) with EcoRI (Boehringer Mannheim) and other restriction endonucleases (New England BioLabs). X Charon 4A bacteriophage was propagated in liquid culture and its DNA was prepared as described (14) . X Charon 4A arms were separated from the internal fragments by sucrose gradient centrifugation of EcoRI-digested phage DNA (15) . DNA fragments [15-20 kilobases (kb) ] from CHO-K1 and JI-11 were isolated after partial EcoRI digestion by the method of Maniatis et al. (15) . These DNAs were ligated to the X Charon 4A arms as described by Varsanyi-Breiner et al. (14) . An in vitro encapsidation procedure (14, 16) was used to obtain viable phage containing the ligated DNA. These were propagated to obtain JI-11 and CHO-K1 libraries as described by Varsanyi-Breiner et al. (14) . The total human library used was provided by T. Maniatis (15) . Grids of recombinant phages were obtained by transfer, with sterile toothpicks, of individual plaques from plates with 100-300 plaque-forming units onto a fresh lawn on a 150-mm bacterial dish.
Abbreviation: kb, kilobase(s).
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Proc. Natl. Acad. Sci. USA 77 (1980) Screening of Ji-lI Library. Duplicate nitrocellulose filters were prepared from each grid as described by Benton and Davis (17) and hybridized to total nick-translated (18) HeLa cell DNA or CHO-K1 DNA respectively (106 cpm/filter; specific activity, 2 X 108 cpm/,sg) as described by Varsanyi-Breiner et al. (14) .
Clones containing human DNA sequences were chosen by virtue of their hybridization to HeLa DNA but not to CHO-KL DNA. The corresponding phages were cloned by plaque formation, and DNA was prepared from them as for X Charon 4A (14) except that the disabled host DP50 (supF) was used (19) . All manipulations involving viable recombinant phage were performed at the P2-EK2 level of containment in accordance with the National Institutes of Health Guidelines for Recombinant DNA Research.
Preparation of Clone-Specific Hybridization Probes. Each putative human-Charon 4A recombinant DNA was digested with EcoRI and a number of other restriction enzymes (BamHI, Sac I, HindIII, Xba I, Hae II) and the resulting fragments were first resolved by agarose gel electrophoresis and then transferred to nitrocellulose (20) . Filters were hybridized (13) to nicktranslated radioactive HeLa cell DNA to locate fragments containing repetitive human sequences. For each clone, a fragment not hybridizing to the HeLa DNA probe was chosen for use as probe against similar filters containing EcoRI-digested DNA of cell lines CHO-K1, J1, J1-7, J1-10, J1-li, and J1-23.
This fragment was prepared by the freeze-squeeze procedure (21) and nick-translated to high specific activity as described by Rigby et al. (18) . RESULTS To isolate DNA sequences from human chromosome 11, we used the following strategy. The methods of somatic cell genetics have been used to prepare a series of human-Chinese hamster cell hybrids containing chromosome 11 or deletion mutants of this chromosome as their only human chromosomal component (22) (23) (24) . A library of recombinant clones of DNA from the hybrid cell containing the short arm and the centromeric region of chromosome 11 was constructed by using a procedure similar to that originally described by Maniatis et al. (15) . DNA fragments [15] [16] [17] [18] [19] [20] kb in length were isolated from the hybrid cell DNA by partial digestion with EcoRI and size fractionation of the partially digested DNA on a sucrose gradient. These fragments were then cloned in the X phage vector Charon 4A. Each recombinant phage had one 15-to 20-kb fragment of DNA of human or Chinese hamster origin.
Our next step was to develop species-specific probes that would distinguish those phages carrying cloned human DNA segments from those carrying a Chinese hamster DNA segment. The following considerations were invoked. Previous work has indicated that repetitive DNA sequences are interspersed throughout the genome many thousand times (25, 26) . Evidence has also suggested that substantial evolutionary divergence of these repetitive sequences exists in mammals (27) . We reasoned, therefore, that a repetitive DNA probe might be species-specific. Hybridization of such a probe to DNA from clones of a library constructed from genomic DNA of a hybrid cell containing both human and Chinese hamster chromosomes might distinguish between cloned DNA segments of human and of Chinese hamster origin.
To test this hypothesis the experiment shown in Fig. 1 from human and Chinese hamster cells. The hybridization technique used was similar to the method described by Benton and Davis (17) . Individual cloned DNA segments from libraries of Chinese hamster DNA, human DNA, and a human-Chinese hamster hybrid cell were grown by transferring phage from single well-isolated plaques to a grid on a fresh lawn of host bacteria. After growth of the phage, the DNA from the various clones selected was transferred to nitrocellulose filters. Each filter was hybridized to the 32P-labeled human DNA probe.
As shown in Fig. 1 , the hybridization technique was effective in discriminating cloned DNA segments of human origin. The first two rows of the grid consisted of X Charon 4A clones carrying segments of Chinese hamster origin. None of these clones hybridized to the probe. The next two rows contained clones picked at random from a library constructed from human DNA in X Charon 4A. Almost all of these clones hybridized to the human DNA probe. Included in this array was the phage H(3G1 carrying the coding regions for the human (-and 6-globin genes described by Lawn et al. (3) , the DNA of which hybridized intensely with the probe. These control experiments (and others to be reported in detail elsewhere) confirm the species specificity of the hybridization method.
In the remaining rows of the grid, cloned DNA segments derived from the human-Chinese hamster cell line Jl-ll were spotted. This cell line carries the entire short arm of human chromosome 11, the centromere of chromosome 11, and a small segment of the long arm of chromosome 11 adjacent to the centromere, against a background of Chinese hamster ovary chromosomes (23) (Fig. 2) . Of the clones in this array 1 Fig. 3 . The DNA of this clone was digested with EcoRI and BamHI and fractionated on a 1% agarose gel. The DNA fragments were then visualized by staining with ethidium bromide. EcoRI digestion of clone H11-3 DNA (lane A) produced four fragments: the X Charon 4A arms (x and z), a dimer of the X Charon 4A arms hybridized at the terminal cohesive ends (w), and a single inserted fragment (y) of 15 kb. BamHI digestion (lane B) produced nine fragments, of which four consisted entirely of DNA from the X Charon 4A arms (c, d, e, and h) and five contained at least some of the human cloned sequence (a, b, f, g, and i).
After visualization of the DNA fragments, the DNA was transferred to a nitrocellulose filter and hybridized to highspecific-activity 32P human DNA (2 X 108 cpm/tsg). The results are shown in Fig. 3 Right. Although fragment y from the EcoRI digestion and two of the DNA fragments (b and f) from the BamHI digestion hybridized to the human DNA probe and therefore presumably contained some reiterated human DNA sequences, three fragments (a, g, and i) produced by BamHI digestion of clone H11-3 did not hybridize to the probe under these conditions and therefore were presumed to contain only single-copy DNA. One of these fragments, g, was chosen as a probe for further hybridization experiments.
To localize this cloned DNA segment to a specific region of chromosome 11 the experiment shown in Fig. 4 was performed. DNA was isolated from the following cell lines: CHO-Ki, the parent cell line of all the hybrids used in this study (22, 23) ; Ji, which carries the entire human chromosome 11 on a Chinese hamster background; and the four cell lines J1-1l, J1-23, JI-10, and J1-7, which contain specific deletions in chromosome 11 (Fig. 2) . Based on the pattern of restriction fragments shown by clone H11-3, we expected to observe hybridization to EcoRI-digested DNA of cell lines that carried this 15-kb DNA fragment. As expected, hybridization was observed in this region on the gel in DNA samples from clonesJl and 11-1I. The pattern of hybridization to clones J1-7, J1-10, and J1-23 can be used to ascertain the chromosomal location of the DNA fragment isolated and cloned in H11-3 (13) . The presence of intense hybridization in DNA isolated from all three cell lines indicates that the H11-3 DNA segment is located in the centromerelinked region delineated by the breakpoints of clones Ji-ll and J1-7 (Fig. 2) .
A similar set of experiments was performed for each of the other four clones chosen for analysis. In each case, a single-copy DNA was selected for mapping of the corresponding 15-to 20-kb fragment on chromosome 11. The map positions of these DNA sequences are listed in Table 1 . Each clone could be localized unequivocally by using this technique and, together with f3-globin gene sequences, these recombinant clones provide markers for each of the regions delineated by the current panel of cell hybrids. Fig. 2B summarizes the markers on human chromosome 11 used in this study and the map positions of the recombinant DNA probes characterized.
The steps of the procedure are summarized as follows: (i) preparation of total DNA from the Jl-ll hybrid; (ii) partial EcoRI digestion and sucrose gradient fractionation to produce 15- 
DISCUSSION
The previous paper of this series (13) demonstrated how cloned, radioactive DNA probes could be used with a panel of specific deletion mutants of a hybrid cell containing a single human chromosome to secure high-resolution chromosomal mapping of genes present in the DNA of the probe. The present paper shows that a library can be constructed from the single human chromosome of such a hybrid and that the various DNA segments of this library can be mapped on the corresponding Table 1 15 hr, and then the DNA was transferred to nitrocellulose. The filter was hybridized to nick-translated fragment g from a BamHI digest of clone H11-3 DNA (see Fig. 3 (28) and by development of powerful methods for determining DNA sequences (29, 30) . However, one of these techniques operates at the level of millions of base pairs whereas the other is limited to handling of thousands. Therefore, a large gap in resolving power exists which must be bridged before these techniques can be combined for systematic high-resolution mapping of the human genome. The work of this and the previous paper of this series (13) value of a panel of such clones was limited by the availability of genetic markers on chromosome 11 and the ability to distinguish deletion points cytologically. The present study provides an alternative approach to the problem of genetic fine structure which will permit detailed comparison of hybrid cell lines carrying cytologically indistinguishable mutations. Construction of a fine structure map at the DNA level of a specific region of chromosome 11 appears to be feasible in the immediate future by combining the recombinant DNA techniques described here with further deletion mapping. If single-copy DNA sequences exist located more than 30-40 kb from reiterated sequences, their detection by this method would require procedural modifications. These principles appear to be applicable to any single human chromosome hybrid, of which a reasonable number already have been prepared (22, 31, 32) . Indeed, it may well be possible to apply these methods to hybrids containing several human chromosomes.
The present approach appears to be amenable to further development in the direction of materially increasing the resolving power of the mapping process by accumulation of more deletion mutants as well as more DNA probes. Moreover, the probes themselves can furnish a new series of markers for genetic analysis. By use of x-irradiation and other chromosomebreaking agents to increase the number of deletions in the chromosome under study, one can determine the frequency with which members of a pair of markers are lost or retained and relate these frequencies to their distance apart, as has been shown by and Law and Kao (32, 36) . The availability of additional markers should aid the quantitation of mutagenic action which has been proposed for the screening of environmental mutagens and carcinogens with the use of the single human chromosome hybrids (37) .
Of particular importance is the demonstration of speciesspecific reiterated DNA. By extension of the methods of this paper, including the use of specific deletion mutants, it may be possible to determine the distribution of such sequences on a particular chromosome and to compare such distributions on different chromosomes. It will be particularly important to examine whether changes in the composition of such sequences can affect the expression of particular genes. Another interesting direction in which exploration may be possible by the technology described here is the determination of which chromosomal regions are exposed and which sequestered in cells in different differentiation states.
These probes also appear to extend powers of diagnosis of genetic disease in man. For the case of diseases due to homozygous recessive defects caused by gene deletion, the procedure is straightforward. For dominant genetic defects involving detectable DNA sequence changes, it should be possible to prepare hybrids containing single copies of the specific chromosomes and test these with appropriate probes. Alternatively, one may be able to distinguish quantitatively, by molecular hybridization with appropriate probes, between situations involving single and double gene doses. Finally, it may be possible to detect different patterns resulting from treatment with particular endonucleases and to use these polymorphisms as genetic markers. A similar procedure should be effective in identifying heterozygous carriers of recessive defects. Obviously, these techniques would be applicable to cell samples obtained by amniocentesis and therefore could serve for prenatal diagnosis and screening. The existence of defects in chromosome 11 that in the heterozygous condition can produce predisposition to Wilms tumor and aniridia (38) furnish interesting possibilities for immediate exploration.
